Abstract-We have found earlier that Tubastatin A (TubA), a selective inhibitor of histone deacetylase 6 (HDAC6), improves survival in a mouse model of lethal cecal ligation and puncture (CLP)-induced sepsis. However, the underlying mechanisms have not been fully established. This study sought to test the hypothesis that TubA could affect both lung and splenic functions. C57BL/6J mice were subjected to CLP, and randomized to receive either TubA (70 mg/kg) dissolved in dimethyl sulfoxide (DMSO), or DMSO alone, 1 h following CLP. Sham animals acted as control. Twenty-four hours later, lung tissue was harvested for pathological examination, and splenic tissue was harvested for bacterial colonization. In a parallel study, the spleen was collected 48 h following CLP, and single cell suspension was prepared. Splenocytes then underwent flow cytometry to analyze the immune cell population. RAW264.7 macrophages were treated with lipopolysaccharide (LPS) with or without the presence of TubA (10 μM) at 37°C for 3 h to assess the effect on macrophage phagocytosis. We found that acute lung injury secondary to lethal sepsis was attenuated by TubA. Treatment with TubA restored the percentage of B lymphocytes, and significantly increased percentages of innate immune cells and macrophages compared to the vehicle-treated CLP group. Moreover, TubA significantly decreased the bacterial load in the spleen, and improved the phagocytic ability of RAW264.7 murine macrophages in vitro. Such findings may help to explain the beneficial effects of TubA treatment in a model of lethal sepsis, as previously reported.
INTRODUCTION
Sepsis is the most common cause of death in hospitalized patients that results in millions of deaths yearly [1] . Sepsis has been newly defined as Blife-threatening organ dysfunction caused by a dysregulated host response to infection^ [2] . Septic shock is further described as a subclass of sepsis in which the level of physiologic derangements increases the risk of mortality [3] .
Multiple organ failure (MOF) accounts for the large majority of early deaths in septic shock [4] . One of the first organs to fail is the lung; acute lung injury (ALI) is one of the leading causes of mortality in sepsis and septic shock [5] . Another important organ in the consideration of sepsis is the spleen. As a major component of the reticuloendothelial system, the spleen is involved in monitoring and regulating the mononuclear phagocyte system. In particular, splenic macrophages act as key mediators of the innate immune response. In sepsis, however, the inflammatory response can cause macrophage dysfunction and apoptosis, compromising the host response and contributing to mortality [6] .
Histone deacetylases (HDACs) are a class of enzymes that catalyze the removal of acetyl groups from the nuclear histone proteins, tightening their association with the deoxyribonucleic acid (DNA). This causes condensation of chromatin (composed of histones and DNA), with a resultant decrease in accessibility of the DNA to various transcription factors. Conversely, a class of drugs called histone deacetylase inhibitors (HDACIs) can be used to induce acetylation of histones and an increase in transcription. Histone acetylation status can govern the amplitude of the immune response by moderating the transcription of pathways involved in immune cells [7] . HDACs have been classified into four subclasses: three Zn 2+ -dependent classes (I, II, and IV), and one NAD + -dependent class III. Class II is subdivided into class IIa and class IIb. HDAC6 belongs to HDAC class IIb and is mostly cytoplasmic in location. It is associated with non-histone substrates, including α-tubulin, heat shock protein 90 (HSP90), and cortactin [8] [9] [10] . HDAC6 has been found to be involved in many disease processes, such as breast cancer, leukemia, multiple myeloma [11] [12] [13] , chronic hypertension [14] , and nervous system injury [15] .
We have recently demonstrated that inhibition of HDAC6 with Tubastatin A (TubA) can improve survival in a mouse model of cecal ligation and puncture (CLP)-induced lethal sepsis [16] . Moreover, TubA treatment can restore populations of innate immune cells and macrophage populations, and increase the neutrophil composition in mouse bone marrow [17] . The present study was designed to provide further insight into whether and how inhibition of HDAC6 with TubA can affect critical organs such as the lung and spleen.
MATERIALS AND METHODS
The protocol for this study was approved by the University of Michigan Institutional Animal Care and Use Committee. All experiments complied with animal welfare and research regulations.
Animals
Male C57BL/6J mice (18-26 g; Jackson Laboratory, Bar Harbor, ME) were used for this study. They underwent a 3-day period of acclimation before participation in experiments.
Cell Culture and Reagents RAW 264.7(American Type Culture Collection, Manassas, VA), a murine macrophage cell line, were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Grand Island, NY). The medium was supplemented with 100 U/mL penicillin, 100 U/mL streptomycin, 292 mg/L Lglutamine, and 10% fetal bovine serum (Invitrogen, Grand Island, NY). Macrophages were maintained at the condition of 37°C and 5% CO 2 .
Cecal Ligation and Puncture
CLP was utilized to induce fecal peritonitis, as described in a previous study [18] .
We have previously shown that this CLP model is 100% lethal, and that Tub A treatment improves survival [16] . Therefore, we used the same CLP model in the present study to investigate the effects of TubA on immune system functions as well as the development of acute lung injury.
Under inhaled anesthesia with isoflurane, 1% bupivacaine was injected at the operative site for local analgesia, and then a midline incision was made to obtain access to the peritoneal cavity. The cecum was eviscerated and 75% of the cecum was ligated using 5-0 silk suture, and punctured through-and-through using a 20-gauge needle as described previously [16] . 1-2 mm 3 of fecal material was expelled from the cecum into the peritoneal cavity, and the cecum returned to its normal location. The abdomen was closed in two layers separately using 4-0 silk sutures, and 1 ml normal saline was injected subcutaneously for resuscitation. Sham animals were manipulated in the same way, without the CLP component.
Treatment
Animals were randomized to the following groups: (a) sham; (b) CLP + vehicle (Veh; DMSO, 1 μL/g), and (c) CLP + TubA (70 mg/kg, dissolved in 1 μL/g DMSO; intraperitoneal injection). Treatment was administered 1 h following the CLP.
Experiment I (24-h Model)
A time point of 24 h post-CLP was chosen to assess the degree of acute lung injury, in line with our previous study [16] . Splenic tissue was also harvested at this time point to measure the spleen bacterial load during early sepsis.
Acute Lung Injury
Animals were euthanized and tissues were harvested (n = 3/group). Histological analysis of lung tissue was performed per our previous study [19] . Briefly, the lung tissue was embedded in paraffin, sliced into 5-μm sections, and stained with hematoxylin and eosin (H&E). A pathologist, blinded to group allocation of the specimen, evaluated the sections and graded six parameters: (1) septal mononuclear cell/lymphocyte infiltration, (2) septal hemorrhage and congestion, (3) neutrophils, (4) alveolar macrophages, (5) alveolar hemorrhage, and (6) alveolar edema. Each individual parameter of lung injury was graded on a scale of 0-3, with 0 meaning Babsent,^1 meaning Bmild,^2 meaning Bmoderate,^and 3 meaning Bsevere.^The total injury score was expressed as the sum of the scores for all parameters, with the maximum score (representing maximal injury) being 18 [20] .
Spleen Bacterial Load
Splenic tissue was homogenized in 1 mL of normal saline and centrifuged for 5 min at 500×g (n = 3-5/group). The supernatant was collected and further diluted with sterile normal saline to 10 −5 . Fifty microliters of the dilute was evenly spread on tryptic soy agars (BD Difco Inc., Franklin Lakes, NJ) and then incubated at 37°C for 24 h. Bacterial population was calculated as the number of colony-forming units (CFU). Data were then log transformed for statistical analysis.
Experiment II (48-h Model)
A later time point of 48 h was chosen to measure the delayed immune response to sepsis. Flow cytometry was performed on splenic tissue to assess the relative proportions of different immune cells (n = 7/group).
Animals were euthanized and tissues harvested. Splenic tissue was homogenized through 70-μm cell strainers, after which erythrocyte lysis was performed using Red Blood Cell Lysis Buffer (Sigma Aldrich Inc., St. Louis, MO). Splenocytes were washed with phosphatebuffered saline, blocked with anti-mouse CD16/32 antibody (eBiosicence Inc., San Diego, CA), and then labeled with anti-mouse CD11b FITC, Gr-1 PerCP-Cy5.5, F4/80 Antigen APC, B220 PE-Cy7, and CD3 APC-eFluor® 780 antibodies (eBiosicence Inc., San Diego, CA). Cells were washed prior to flow cytometry analysis. Data were acquired on an LSRII (BD Biosciences Inc., San Jose, CA) and analyzed using FlowJo (Tree Star Inc., Ashland, OR).
Experiment III (In Vitro Assay)
The phagocytosis assay was performed as previously described [16] . RAW264.7 macrophages (American Type Culture Collection, Manassas, VA) were seeded in 96-well plates at a density of 1 × 10 6 /mL. Plates were assigned to the following three groups: (1) sham (no LPS, no treatment), (2) LPS (1 μg/mL) + Veh, (3) LPS + TubA, and cultured at 37°C for 3 h, before removing the medium and adding 100 μL Live Cell Imaging Solution (Life Technologies Corporation, Eugene, OR) containing 1 mg/mL pHrodo E. coli bioparticles (Life Technologies Corporation, Eugene, OR). The assay plate was then transferred to an incubator warmed to 37°C for 1 h to allow phagocytosis, and then analyzed on a SpectraMax plate reader (Molecular Devices, Sunnyvale, CA). The net phagocytosis was calculated by subtracting the baseline fluorescence from wells containing 100 μL of 1 mg/mL pHrodo E. coli bioparticles without cells.
Statistical Analysis
All of the analyses were performed utilizing GraphPad Prism 6.00 (GraphPad Software Inc., La Jolla, CA). Differences among the three groups were assessed using one-way analysis of variance (ANOVA), followed by Bonferroni post hoc test for multiple comparison. Data are presented as mean ± standard error of the mean (SEM) unless mentioned otherwise. A p value of < 0.05 was considered to be statistically significant.
RESULTS

TubA Treatment Attenuates Acute Lung Injury
We first investigated the mechanism of action of TubA by determining the effect of TubA on CLP-induced acute lung injury. As shown in Fig. 1 , sham animals given DMSO vehicle (sham + DMSO) had normal lung histology. In contrast, sepsis caused significant damage to the lung tissue-histology from the CLP + DMSO group showed significant interstitial edema, alveolar hemorrhage, thickening of the alveolar wall, and infiltration of tissue by mononuclear cells/lymphocytes. Administration of TubA attenuated these changes and decreased the acute lung injury score significantly (CLP + TubA = 2.48 ± 0.41 vs. CLP + DMSO = 5.97 ± 0.13, p = 0.0002).
TubA Treatment Decreases Spleen Bacterial Load
We then sought to determine whether administration of TubA could modulate the immune response to CLP by examining spleen bacterial load. Sham-operated mice had no bacteria in the spleen. However, CLP significantly increased the spleen bacterial load compared to sham (Sham + DMSO = 0 ± 0 log 10 CFU/g spleen vs. CLP + DMSO = 6.78 ± 0.56 log 10 CFU/g spleen, p < 0.0001). Treatment with TubA significantly reduced the bacterial load compared to CLP + DMSO (CLP + DMSO = 6.78 ± 0.56 log 10 CFU/g spleen vs. CLP + TubA = 4.95 ± 0.40 log 10 CFU/g spleen, p = 0.036) (Fig. 2) .
Effect of TubA Treatment on Innate Immune Cell Populations in Splenic Tissue
To determine how TubA affects the innate immune system, we performed flow cytometry to analyze the immune cell populations in the spleen. As shown in Fig. 3 , there were no statistical differences in the percentages of neutrophils (CD11b+ Gr-1+) and T lymphocytes (CD3+) among the three groups (Fig. 3c, e, respectively ). There were statistical differences in the percentage of splenic B lymphocytes (B220+, p = 0.0125; Fig. 3d ) among the three groups analyzed by ANOVA. Bonferroni post hoc test for multiple comparisons revealed that the significant differences were between the sham and CLP + DMSO groups. Vehicle-treated CLP animals showed decreased percentage of B lymphocytes compared to sham (sham = 59.1 ± 2.9% vs. CLP + DMSO = 44.3 ± 2.6%, p < 0.05; Fig. 3d) , and TubA treatment normalized the percentage of B lymphocytes. There were significant differences in the percentages of innate immune cells (CD11b+, p = 0.0444; Fig. 3a ) and macrophages (CD11b+ F4/80+, p < 0.01; Fig. 3b ) among the three groups. As compared to the vehicle-treated CLP group, TubA treatment significantly increased the percentages of innate immune cells (CLP + DMSO = 6.2 ± 1.3% vs. CLP + TubA = 10.8 ± 0.4, p < 0.05; Fig. 3a ) and macrophages (CLP + DMSO = 2.9 ± 0.3% vs. CLP + TubA 7.0 ± 1.1, p < 0.01; Fig. 3b ). There were no significant differences in innate immune cells, macrophages, neutrophils, B lymphocytes, and T lymphocytes between the sham and CLP + TubA groups.
TubA Increases Phagocytic Activity of Macrophages
To determine whether TubA could affect phagocytic activity of the macrophages, we cultured mouse Fig. 1 . Tubastatin A alleviated acute lung injury 24 h after cecal ligation and puncture. Mice were intraperitoneally administered 70 mg/kg Tubastatin A, or vehicle (DMSO) 1 h after CLP. Twenty-four hours after operation, lung tissues were harvested and then sectioned for H&E staining. Representative images were chosen from different experimental groups. Semi-quantitative pathology scores were determined by a scoring system as described in the BMaterials and Methods( means ± SEM, n = 3 animals/group). CLP cecal ligation and puncture, DMSO dimethyl sulfoxide, TubA Tubastatin A, Sham no cecal ligation and puncture. RAW264.7 macrophages and performed a phagocytosis assay as previously described [16] . As shown in Fig. 4 , LPS insult decreased the macrophage phagocytosis compared to sham (sham = 373.7 ± 7.20 RFU vs. LPS + DMSO 289.6 ± 1.76 RFU, p = 0.0002). However, TubA treatment resulted in significantly increased phagocytic activity compared to LPS + DMSO (LPS + DMSO = 289.6 ± 1.76 RFU vs. LPS + TubA 344.6 ± 9.68 RFU, p = 0.004). No difference was seen between the sham and LPS + TubA, suggesting that TubA helped restore phagocytic activity to normal.
DISCUSSION
The present study is a logical continuation of our previous research. Our laboratory has previously shown that treatment with the HDAC6 inhibitor TubA improves survival in a lethal CLP model, attenuates bone marrow atrophy, and restores the bone marrow's macrophage population [16, 17] . However, it remained to be determined whether and how TubA treatment would further affect key organs such as the lung and spleen. In this study, we have demonstrated that inhibition of HDAC6 with TubA significantly attenuates acute lung injury and decreases spleen bacterial load. In addition, we have discovered that TubA increases the splenic macrophage and innate immune cell proportions and enhances phagocytic activity of the macrophages.
We chose to examine lung injury and inflammation because lungs are highly susceptible to the systemic inflammatory response in sepsis, and our previous work had not evaluated the effects of TubA on acute lung injury. The present study reveals that TubA treatment attenuates acute lung injury in polymicrobial sepsis, which may be due to a reduction in primary inflammation and protection of the endothelial barrier. Thangavel et al. showed that pan-HDAC inhibitor Trichostatin A (TSA) treatment significantly reduced mRNA levels of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α, meanwhile increasing mRNA levels of anti-inflammatory IL-10, in bone marrow-derived macrophages that had been challenged with LPS [21] . Whether TubA has similar immunomodulatory effects needs further validation. However, TubA has been proven to inhibit TNF-α (a pro-inflammatory cytokine)-induced endothelial barrier disruption [22] , which suggests that HDAC6 inhibition could potentially prevent inflammation-mediated vascular injury. TubA has also been shown to reduce pulmonary edema in a mouse model of endotoxemia, which may be associated with α-tubulin and β-catenin acetylation, thus strengthening the cytoskeleton and adherens junctions [22] . These mechanisms should be evaluated in the context of sepsis-induced ALI in the future.
Sepsis can be caused by a combination of factors related to the invading pathogen and the host's immune system. The early stages of sepsis are characterized by an exaggerated inflammatory response that results in a Bcytokine storm.^This cytokine storm is followed by a prolonged period of relative immunosuppression [23] . Both phases contribute to mortality in sepsis. Innate immune cells, especially macrophages, play a key role in the immune responses against infection. Macrophages act as pathogen scavengers and are the predominant source of inflammatory cytokines. In fact, macrophage dysfunction has been implicated in the immunosuppression that is often witnessed during the late stages of sepsis [24] . The effects of HDAC inhibitors on immune cell functions have been Fig. 2 . Tubastatin A increased spleen bacteria clearance in lethal sepsis. Spleens of animals from the 3 groups were harvested at 24 h after CLP. Supernatant was made after homogenization and centrifugation. Equal amount of supernatant was spread on agar plates for colony formation. Bacteria number was calculated as colony-forming units per gram of spleen, and data were log transformed for presentation (means ± SEM, n = 3-5 animals/group). CFU colonyforming units, CLP cecal ligation and puncture, DMSO dimethyl sulfoxide, TubA Tubastatin A, Sham no cecal ligation and puncture. extensively studied; however, only a few studies have addressed the effects of HDAC inhibitors on the immune cell numbers in sepsis, and to our knowledge, this is the first paper to assess the effects on the splenic reservoir.
In the current study, we have shown that inhibition of HDAC6 significantly increased the proportions of splenic macrophages and innate immune cells in a model of lethal sepsis. In addition, we found that TubA treatment can restore the ability of macrophages to phagocytose pHrodo E. coli bioparticles in the presence of LPS. It has been reported that human macrophages treated with an HDAC inhibitor at the time of bacterial infection can enhance the production of mitochondrial reactive oxygen species and promote the clearance of intracellular bacteria from the macrophages [25] . Our results indicate that TubA induces an increase in both the macrophage population and the macrophage phagocytic activity, which may enhance the host's ability to eliminate the foreign pathogens from the circulation. These findings may explain the significantly decreased bacterial load in the spleens in the present study, as well as the increased survival rates that we have previously reported with TubA treatment in this model [16] . In our former study, we also found that TubA treatment can enhance phagocytosis of mouse primary splenocytes [16] . The spleen has mixed populations of immune cells, but macrophages are the main cells that play a role in pathogen elimination in the spleen [26] . Therefore, we further took RAW264.7 murine macrophages to evaluate phagocytic ability in the current study and received the same result.
The percentage of macrophages in the spleen was reduced compared to the sham following CLP; however, it did not reach statistical significance. The trend of macrophage reduction may be due to apoptosis in macrophages when invading pathogens evade host defenses by eliminating these phagocytic cells [27] . The increased proportions of macrophages in the spleen after TubA treatment as noted in the current study could be due to several reasons. One possibility is that TubA could inhibit macrophage apoptosis. Our previous study has shown that TubA decreases cleaved caspase-3 expression in RAW264.7 macrophages after LPS treatment [16] . Another possibility is that the HDAC6 inhibition increases the differentiation of myeloid stem cells into macrophages in the bone marrow via epigenetic modulation. Theoretically, HDAC6 inhibitors may activate the gene promoters of myeloid stem cells and facilitate their proliferation and differentiation. It was recently reported that the pan-HDAC inhibitor valproic acid can induce bone marrow stromal stem cell differentiation into hepatocytes both in vitro and in vivo by gene regulation of fibroblast growth factor receptors and c-Met through core histone post-translational modification [28] . CUDC-907, a dual PI3K and HDAC inhibitor for PI3Kα and HDAC, has been shown to promote bone marrow adipocyte differentiation through inhibition of histone deacetylase and regulation of cell cycle [29] .
This study has also shown that LPS exposure decreases phagocytic activity of the macrophages, while TubA restores it towards baseline. This could be due to a decrease in TNF-α production; TNF-α production in sepsis inhibits phagocytosis [30] , and production of TNF-α has been shown to be dramatically decreased by another HDAC6 inhibitor, Tubacin, in both RAW264.7 cell line and primary bone marrow-derived macrophages [30] . Moreover, co-treatment of human macrophages with HDAC inhibitors vorinostat (suberoylanilide hydroxamic acid, SAHA) or TSA at the time of infection promotes bacterial clearance in vitro [25] .
This study has certain limitations that should be acknowledged. This was a highly lethal model, and survival beyond 48 h in the untreated animals was impossible. Therefore, our observations are limited to this 48-h window and the long-term implications of our findings are unclear. Follow-up studies with a sub-lethal model (and multiple sampling time points) will be needed to fill in this gap. Also, we do not have direct evidence to show where the increased splenic innate immune cells and macrophages come from after TubA treatment. In addition, for logistical reasons, we focused on splenic cellular populations and function which may only be one of many mechanisms contributing to improved outcomes with HDAC inhibitors in sepsis. Further investigation of TubA needs to be carried out to develop the whole picture of its mechanism of action.
In summary, we have demonstrated for the first time that inhibition of HDAC6 significantly attenuates acute lung injury and modulates sepsis-induced immunosuppression by increasing the immune cell populations and improving immune cell functions, which may be responsible for the improved outcomes. These results may help further explain, in part, the beneficial effects of TubA treatment in models of sepsis. 
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